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Open access under the EThe distillate produced by deodorization of palm oil (DDPO) is a waste that corresponds to 4% of the prod-
uct formed in this process. DDPO is 83% free of fatty acids (FFA), making it a good material for biodiesel
production. In this paper, a catalyst prepared from a waste material, Amazon ﬂint kaolin, was used for the
esteriﬁcation of DDPO with methanol. Leached metakaolin treated at 950 C and activated with 4 M sul-
furic acid (labeled as MF9S4) offered maximum esteriﬁcation activity (92.8%) at 160 C with a
DDPO:methanol molar ratio of 1:60 and a 4-h reaction time. The inﬂuences of reaction parameters, such
as the molar ratio of the reactants, alcohol chain length, temperature, time and the presence of glycerides
and unsaponiﬁable matter, have also been investigated. Based on the catalytic results, esteriﬁcation of
DDPO using MF9S4 can be a cheaper alternative for production of sustainable fuels.
 2011 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Heavy consumption of fossil fuel resources, their effect on cli-
mate change and concerns over energy security are the main driv-
ers for the increased interest in biofuels (Semwal et al., 2011).
Among biofuels, biodiesel is receiving increased attention as an
alternative, non-toxic, biodegradable, and renewable diesel fuel
(Zullaikah et al., 2005). Moreover, biodiesel possesses inherent
lubricity, a lack of aromatics, negligible sulfur content, very high
cetane values and a relatively high ﬂash point. Taken together,
these characteristics have attracted special attention during recent
years, and biodiesel is now considered an alternative to petroleum-
based diesel fuel (Kitakawa et al., 2007; Dorado et al., 2003).
Virgin vegetable oils, are the most frequently used raw materi-
als for biodiesel production by transesteriﬁcation (Dias et al.,
2009). However, their current limitation is their high price, which
sometimes approaches the cost of fossil diesel fuel (Ataya et al.,
2007). Therefore, the study of alternative raw materials is of major
importance. The use of wastes for biodiesel production has three
major advantages: (i) the wastes do not compete with the food
market, (ii) the process recycles waste, and (iii) it reduces produc-to Federal do Pará-Campus
68740-970, Castanhal, Pará,
no S. do Nascimento).
lsevier OA license.tion costs, therefore increasing the economic competitiveness of
biodiesel (Dias et al., 2008).
However, low-cost feedstocks also contain signiﬁcant amounts
of free fatty acids (FFA) (Zhang et al., 2009), and their utilization
in traditional biodiesel production processes leads to depletion of
the catalysts and increased puriﬁcation costs. These drawbacks
occur because the FFAs are saponiﬁed by a homogeneous alkaline
catalyst, producing excess soap (Zheng et al., 2006). Fortunately,
there is an alternative for avoiding these problems, the use of
feedstocks, such as palm fatty acid distillate (PFAD). PFAD is a by-
product from reﬁning crude palm oil (CPO), which has approxi-
mately a 93% FFA content. Additionally, it is known that the
conversion of PFAD to FAME via esteriﬁcation reaction is an appro-
priate procedure for reducing the production costs of biodiesel and
consequently enables biodiesel to compete economically with
petroleum-based fuels (Laosiripojana et al., 2010). Considering this
fact, a by-product produced by Companhia Reﬁnadora da Amazô-
nia, Agropalma S/A during a distillation for deodorization of palm
oil and labeled DDPO was identiﬁed as an interesting alternative
for biodiesel production because it comes from a cheaper feed-
stock, corresponds to 4% of the total product and is 84% FFA
(Aranda and Antunes, 2004).
In two previous works (Nascimento et al., 2011a,b), we used
ﬂint kaolin (a waste) as the raw material to produce an efﬁcient
catalyst for esteriﬁcation of oleic acid with methanol, called
MF9S4, and found that it provided a 98.9% conversion.
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prepared from kaolin for the esteriﬁcation reaction of DDPO. Con-
sidering this fact, this paper reports the esteriﬁcation of a waste
material, DDPO, using a catalyst also prepared from a waste mate-
rial, Amazon ﬂint kaolin, with the aim of reducing costs in biodiesel
production.
2. Experimental
2.1. Methods
The chemicals used in this report were oleic acid, lauric acid,
myristic acid, palmitic acid and stearic acid (synthetic grade) and
methanol (AR grade) purchased from Aldrich and Synth (Brazil).
DDPO samples used in this study were obtained from Companhia
Reﬁnadora da Amazônia, Agropalma S/A (Brazil). DDPO (Viscosity
at 60 C = 12.296 mm2/s; density at 60 C = 0.862 g/mL; water con-
tent = 0.0%; oxidative stability > 150 h; acidity index = 177.15 mg-
KOH/g) consists of 84.0-wt% free fatty acid (FFA) (42% palmitic,
41% oleic, 10% linoleic, 5% stearic, 2% lauric and 1.5% myristic),
12-wt% triglycerides, diglycerides and monoglycerides and 4-wt%
unsaponiﬁable matter. The preparation and characterization of
MF9S4 are described in a previous work (Nascimento et al. 2011a).
Prior to the experiments, the catalyst was activated at 130 C in
an oven for 90 min. The catalytic tests were performed using a
PARR 4843 reactor. In a typical experiment, the PFAD was melted
in an oven at 65 C, and the preheated DDPO was then transferred
into the reactor where it was mixed with methanol and 5-wt% so-
lid acid catalyst (related to DDPO weight). The reaction mixture
was continually stirred at 700 rpm. After completion of each reac-
tion, the solid catalyst was separated by ﬁltration. The percent of
conversion of DDPO into biodiesel was estimated by measuring
the acid value of the product by titration with sodium hydroxide.
The effects of the molar ratio of the reactants, alcohol chain length,
temperature, time and type of FFA on the esteriﬁcation of DDPO
using MF9S4 as the catalyst were investigated.
3. Results and discussion
3.1. The effect of the molar ratio of the reactants and the effect of
alcohol chain length on the conversion
The reactions were run using DDPO:alcohol molar ratios of 1:3,
1:6, 1:30 and 1:60, and the results are shown in Fig. 1a.
In the reactions without catalysts, decreases were observed in
the conversion rates that can be attributed to the dilution of fattyFig. 1. The effect of: (a) the molar ratio for the reactants on the conversion. Temperatur
130 C; time: 120 min; DDPO:alcohol (1:60).acid by increased alcohol contents (Gokulakrishnan et al., 2007).
According to Marchetti and Errazu (2008), this behavior is due to
the dissolution vs. kinetics effect. For short times, when the
amount of alcohol is high, a dissolution effect of the alcohol on
the reaction mixture takes places with a stronger inﬂuence than
that provided by kinetics, producing a smaller reaction rate; how-
ever, as time continues, the reaction also continues to take place
and the high concentration of alcohol means that the ﬁnal conver-
sion achieved is higher but requires a longer reaction time. In the
reactions with MF9S4, we observed that additional alcohol in the
reactants improved the conversion values. This increase can be ex-
plained by considering that an increasing number of alcohol mole-
cules around the catalyst can facilitate the removal of water
molecules from the surface of the catalyst, increasing their cata-
lytic activity, since the use of acid-treated clays is restricted to non-
aqueous systems (Nascimento et al., 2011a).
The result for the effect of alcohol chain length on the esteriﬁ-
cation process is shown in Fig. 1b. The result obtained is related
to alcohol’s nucleophilicity, where it is suggested that a greater
number of carbon atoms decreases alcohol’s nucleophilicity and
the reaction rate, as well as to the steric effect, since, as the alcohol
chain length increases, its ability to approach the catalyst becomes
more difﬁcult (Zaidi et al., 2002). Moreover, there is a higher meth-
anol loading than occurs with other alcohols, which shifts the equi-
librium and may lead to higher conversion.3.2. The effect of temperature and reaction time
A common trend found to increase alcohol conversions over all
of the catalysts is increasing temperature, because high tempera-
ture may be required to reduce intermolecular association of alco-
hol for dispersed adsorption and to avoid the clustering of alcohols
around the Bronsted acid sites by hydrogen bonding (Gokulakrish-
nan et al., 2007). Using a 1:60 M ratio, DDPO was esteriﬁed with
methanol at 100, 115, 130 and 160 C, and the results were 9.4%
at 100 C; 24.9% at 115 C; 51.6% at 130 C and 84.5% at 160 C.
As expected, it was observed that increasing the temperature
was critical to increasing the conversion values using MF9S4 as
the catalyst.
Generally, a gradual increase in conversion rate when the reac-
tion time is increased is expected in esteriﬁcation reactions
(Gokulakrishnan et al., 2007; Carmo et al., 2009; Nascimento et
al., 2011a). The results for the effect of the reaction time are shown
in Fig. 2 and it is possible to observe that the esteriﬁcation of DDPO
using MF9S4 follows this behavior.e: 130 C; time: 120 min. (b) Alcohol chain length on the conversion. Temperature:
Fig. 2. The effect of time on conversion. DDPO:alcohol (1:60); temperature: (A) 100, (B) 115, (C) 130 and (D) 160 C (-d- = MF9S4, -N- = without catalyst).
Fig. 3. The effect of the presence of mono-, di- and triglycerides and unsaponiﬁable
matter. Temperature: 130 C; time: 120 min; DDPO:alcohol (1:60).
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Comparing the results obtained for the esteriﬁcation of DDPO to
those presented for the esteriﬁcation of oleic acid using MF9S4 as
the catalyst (Nascimento et al., 2011a), it is possible to note that
the conversion values obtained using oleic acid as the reactant
are higher than those obtained with DDPO. From this observation,
we decided to verify the reason for this decrease in conversion val-
ues. Here all of the FFAs that are DDPO constituents (except linoleic
acid, unavailable due to its high cost) were esteriﬁed singly in or-
der to verify their roles in the conversion value for DDPO. Addition-
ally, a mixture of all the FFAs (MFFA) that are present in DDPO (the
percentage of linoleic acid was proportionately distributed among
the other constituents), was also esteriﬁed to verify the effect of
the glycerides and unsaponiﬁable matter on the conversion values.
Analyzing the results in Fig. 3, there is a small difference be-
tween the conversion values obtained for the esteriﬁcation of each
FFA singly and for MFFA. However, it is remarkable how much of
an increase in conversion takes place when these reactants are
compared with DPPO. This behavior is not unexpected because
DDPO is a feedstock that contains 16% glycerides and unsaponiﬁ-
able matter, and the presence of these constituents most likely sti-
ﬂes the action of the catalyst. Coincidentally, a similar result was
observed in a previous work (Nascimento et al., 2011a) in which
we esteriﬁed low quality oil, and the results were lower than those
obtained using oleic acid.
Table 1 compares some of the esteriﬁcation results found in the
literature with those obtained in this work. We can see that the re-
sults obtained using MF9S4 as a catalyst for the esteriﬁcation of
DDPO with methanol are quite satisfactory because the resultsare similar to or higher than others presented in the literature
using different reactants and catalysts (Carmo et al., 2009; Chongk-
hong et al., 2009; Laosiripojana et al., 2010; Nascimento et al.,
2011a). Furthermore, they are also close to the results obtained
using homogeneous catalysts at lower temperatures (Park et al.,
2010; Aafaqi et al., 2004). Finally, we must note that the produc-
tion costs of the other methods are higher than the cost of using
acid-activated metakaolin prepared from Amazon ﬂint kaolin,
Table 1
Esteriﬁcation reactions using different feedstocks and catalysts.
Feedstock
or acid
Alcohol Alc./
acid
Temp.
(C)
Catalyst Conversion
(%)
Ref.
Palmitic Methanol 60 130 Al-MCM-41
(Si/Al = 8)
79.0 a
Oleic Methanol 3 80 H2SO4 91.0 b
Palmitic Methanol 5 130 Para-toluene
sulfonic acid
94.5 c
PFAD1 Methanol 8.8 75 H2SO4 93.9 d
PFAD Methanol 18 250 WO3–ZrO2
(20WZ-800)
81.0 e
Oleic Methanol 60 160 MF9S4 98.9 f
DDPO Methanol 60 160 MF9S4 92.8 *
a Carmo et al. (2009) (reaction time – 120 min; R.T.).
b Park et al. (2010) (R.T.: 360 min).
c Aafaqi et al. (2004) (R.T.: 240 min).
d Chongkhong et al. (2009) (R.T.: 60 min).
e Laosiripojana et al. (2010) (R.T.: 10 min).
f Nascimento et al. (2011a) (R.T.: 240 min).
* Present work (R.T.: 240 min).
1 PFAD, palm fatty acid distillate.
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mercial value.
4. Conclusions
We tested the catalytic applications of MF9S4, a material pro-
duced from a waste by-product (the Amazon ﬂint kaolin), for the
esteriﬁcation of other materials considered to be waste, such as
DDPO.We reacheda92.8%conversionat 160 CusingaDDPO:meth-
anolmolar ratio of 1:60 and a4-h reaction time. The results obtained
for thiswork indicate that esteriﬁcationofDDPOusingMF9S4canbe
a less expensive and promising alternative for the production of sus-
tainable fuels.
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